Defining 'galaxy groups' as a unique objects in the structural hierarchy by John, Reju Sam et al.
Gcf2017
R. S. John
Introduction
The known
and unknown
Simulations
details
Modelling
Robustness
Results
Summary
References
ENGINEERING COLLEGE
P
O
N
D
IC
H
E
R
R
Y
P
O
N
D
IC
H
E
R
R
Y
PROSPERITY
THR UG
H
TE
CH
NO
LO
GY
O
Defining ‘galaxy groups’ as a unique
objects in the structural hierarchy
Reju Sam John
PEC, Pondicherry University
Collaborators: Surajit Paul, Prateek Gupta, Harish Kumar
Early Stages of Galaxy Cluster Formation
European Southern Observatory (ESO) Headquarters
17-07-2017 to 21-07-2017
Full paper: https://doi.org/10.1093/mnras/stx1488
This presentation is supported by RadioNet. RadioNet has received funding from the European Unions
Horizon 2020 research and innovation programme under grant agreement No 730562
Gcf2017
R. S. John
Introduction
The known
and unknown
Simulations
details
Modelling
Robustness
Results
Summary
References
ENGINEERING COLLEGE
P
O
N
D
IC
H
E
R
R
Y
P
O
N
D
IC
H
E
R
R
Y
PROSPERITY
THR UG
H
TE
CH
NO
LO
GY
O
1 Introduction
2 The known and unknown
3 Simulations details
4 Developed numerical tools and methods
5 Robustness of our simulation
6 Results
7 Summary
Gcf2017
R. S. John
Introduction
The known
and unknown
Simulations
details
Modelling
Robustness
Results
Summary
References
ENGINEERING COLLEGE
P
O
N
D
IC
H
E
R
R
Y
P
O
N
D
IC
H
E
R
R
Y
PROSPERITY
THR UG
H
TE
CH
NO
LO
GY
O
Large Scale Structure of the universe
−− > Gravitationally bounded system (large concentrations of
100 – 1000) of galaxies
−− > Masses ranging from few 1012 M to few 1015 M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The known and unknown
Hierarchical structure formation models predict that the
constituents of large scale structures (LSS) should follow
the same self-similarity law (Kaiser, 1986; Morandi & Sun,
2016).
Recent observations and simulations indicate a discrepancy
in energy and mass scaling in the low mass constituents of
large scale structures (Gaspari et al. (2011); Bharadwaj
et al. (2015); Paul et al. (2015) etc.).
Is there any distinct populations in LSS with separate
physical properties?
If yes, what are the quantitative limit of physical
parameters (or properties) like mass, radius etc. at which
breaking of scaling laws occurred?
How is the baryonic fraction of matter is behaving in these
two populations, if there is a break point?
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Simulations of Cosmic Structure Formation
Artist’s Impression
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Simulations details
Simulation Tools
To create a sample of galaxy clusters, simulations were performed
with the Adaptive Mesh Refinement (AMR), grid-based hybrid
(N-body plus hydro-dynamical) code Enzo v. 2.1 (O’Shea et al.
(2010)). This code use adaptive refinement in space and time, and
introduce non-adaptive refinement in mass by multiple child grid
insertion.
We derived the required physical parameters as a post process to the
simulated data has been done with the powerful ‘yt’ analysis tools
(Turk et al., 2011).
Computer: IUCAA HPC, Perseus(1504+24+64 cores)
Head Node: 2× 3.06 Ghz Hex Core Intel Processors, 96 GB RAM,
2× 146 GB Hard disk.
CPU: 94 nodes×2CPUs×8cores = 1504 cores, clock speed= 2.6GHz,
each CPU has 64 GB RAM
RAM: 94 × 128 GB = 12032 GB = 12 TB RAM, Storage: 750 TB
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Simulations of large scale structures and its
analysis details
Cosmological and simulation parameters
A flat ΛCDM background cosmology is assumed with
dark energy density parameter ΩΛ = 0.7257, matter
density parameter Ωm = 0.2743, density of baryon fraction
Ωb = 0.0458, Hubble parameter
h ≡ H0/(100kms−1Mps1 ) = 0.702, primordial power
spectrum index n = 1, amplitude of the mass fluctuations
σ8 = 0.812 ((Komatsu et al. 2009))
The simulations have been initialized at redshift z = 60
using the (Eisenstein & Hu ApJ 1999) transfer function,
and evolved up to z = 0.
An ideal equation of state is used for the gas, with γ = 53
This cosmological merger scenario has been realized in a
co-moving periodic box of 128Mpc3 volume, with 643
cells, .3 million particles of mass range
9.9× 109M − 1.54× 108M.
Six levels of AMR allow an effective resolution of
31.25kpch1
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Simulations of large scale structures and its
analysis details
Cosmological and simulation parameters
Merger shocks compresses the medium near to the shock
front, but post shock medium suffers very fast expansion.
So, these shocks compression can induce radiative cooling
(Akahori et al. 2012 PASJ, Choi et al. 2004 ApJ).
Therefor we implemented radiative cooling in our
simulation (radiative cooling details can be found in
Sarazin et al. 1987 ApJ) for a fully ionized gas with
metallicity of 0.5 solar mass
Star formation feed back scheme has also been applied
(Cen & Ostriker, 1992).
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Modelling
Values of X-ray luminosity, emissivity, and photo emissivity fields for
a given photon energy range is calculated using Cloudy (Ferland et
al. 1998) code. We have limited the energy of X-ray emission
between 0.1 keV to 12.0 keV
We have computed virial temperature as a function of mass and virial
radius of the object i.e.
Tvir =
GMµmp
(kbRvir)
Entropy (S), which is a function of temperature and density of the
objects, has been computed using the relation
S = kbTvir
µmpργ
If the CR acceleration efficiency of the shocks is considered to be
η(Ms), the CR energy flux at the shock can be quantified by
fCR = η(Ms)× fkin; Where, fkin is the kinetic energy flux and given
by fkin =
1
2
ρv3 for a density ρ and velocity dispersion of the medium.
Since M = v
cs
; fCR = η(M)× 12ρ(Mcs)3
Where,( from Kang et al. 2007)
η(M) =

1.025δ0, if M ≤ 1.5
4∑
n=0
an
(M − 1)n
M4
, ifM > 1.5
(1)
Gcf2017
R. S. John
Introduction
The known
and unknown
Simulations
details
Modelling
Robustness
Results
Summary
References
ENGINEERING COLLEGE
P
O
N
D
IC
H
E
R
R
Y
P
O
N
D
IC
H
E
R
R
Y
PROSPERITY
THR UG
H
TE
CH
NO
LO
GY
O
Modelling
Values of X-ray luminosity, emissivity, and photo emissivity fields for
a given photon energy range is calculated using Cloudy (Ferland et
al. 1998) code. We have limited the energy of X-ray emission
between 0.1 keV to 12.0 keV
We have computed virial temperature as a function of mass and virial
radius of the object i.e.
Tvir =
GMµmp
(kbRvir)
Entropy (S), which is a function of temperature and density of the
objects, has been computed using the relation
S = kbTvir
µmpργ
If the CR acceleration efficiency of the shocks is considered to be
η(Ms), the CR energy flux at the shock can be quantified by
fCR = η(Ms)× fkin; Where, fkin is the kinetic energy flux and given
by fkin =
1
2
ρv3 for a density ρ and velocity dispersion of the medium.
Since M = v
cs
; fCR = η(M)× 12ρ(Mcs)3
Where,( from Kang et al. 2007)
η(M) =

1.025δ0, if M ≤ 1.5
4∑
n=0
an
(M − 1)n
M4
, ifM > 1.5
(1)
Gcf2017
R. S. John
Introduction
The known
and unknown
Simulations
details
Modelling
Robustness
Results
Summary
References
ENGINEERING COLLEGE
P
O
N
D
IC
H
E
R
R
Y
P
O
N
D
IC
H
E
R
R
Y
PROSPERITY
THR UG
H
TE
CH
NO
LO
GY
O
Modelling
Values of X-ray luminosity, emissivity, and photo emissivity fields for
a given photon energy range is calculated using Cloudy (Ferland et
al. 1998) code. We have limited the energy of X-ray emission
between 0.1 keV to 12.0 keV
We have computed virial temperature as a function of mass and virial
radius of the object i.e.
Tvir =
GMµmp
(kbRvir)
Entropy (S), which is a function of temperature and density of the
objects, has been computed using the relation
S = kbTvir
µmpργ
If the CR acceleration efficiency of the shocks is considered to be
η(Ms), the CR energy flux at the shock can be quantified by
fCR = η(Ms)× fkin; Where, fkin is the kinetic energy flux and given
by fkin =
1
2
ρv3 for a density ρ and velocity dispersion of the medium.
Since M = v
cs
; fCR = η(M)× 12ρ(Mcs)3
Where,( from Kang et al. 2007)
η(M) =

1.025δ0, if M ≤ 1.5
4∑
n=0
an
(M − 1)n
M4
, ifM > 1.5
(1)
Gcf2017
R. S. John
Introduction
The known
and unknown
Simulations
details
Modelling
Robustness
Results
Summary
References
ENGINEERING COLLEGE
P
O
N
D
IC
H
E
R
R
Y
P
O
N
D
IC
H
E
R
R
Y
PROSPERITY
THR UG
H
TE
CH
NO
LO
GY
O
Modelling
Values of X-ray luminosity, emissivity, and photo emissivity fields for
a given photon energy range is calculated using Cloudy (Ferland et
al. 1998) code. We have limited the energy of X-ray emission
between 0.1 keV to 12.0 keV
We have computed virial temperature as a function of mass and virial
radius of the object i.e.
Tvir =
GMµmp
(kbRvir)
Entropy (S), which is a function of temperature and density of the
objects, has been computed using the relation
S = kbTvir
µmpργ
If the CR acceleration efficiency of the shocks is considered to be
η(Ms), the CR energy flux at the shock can be quantified by
fCR = η(Ms)× fkin; Where, fkin is the kinetic energy flux and given
by fkin =
1
2
ρv3 for a density ρ and velocity dispersion of the medium.
Since M = v
cs
; fCR = η(M)× 12ρ(Mcs)3
Where,( from Kang et al. 2007)
η(M) =

1.025δ0, if M ≤ 1.5
4∑
n=0
an
(M − 1)n
M4
, ifM > 1.5
(1)
Gcf2017
R. S. John
Introduction
The known
and unknown
Simulations
details
Modelling
Robustness
Results
Summary
References
ENGINEERING COLLEGE
P
O
N
D
IC
H
E
R
R
Y
P
O
N
D
IC
H
E
R
R
Y
PROSPERITY
THR UG
H
TE
CH
NO
LO
GY
O
Numerical Resolution Study
The main runs that are used for this study are performed 6
levels of total (uni-grid + AMR) refinement leading to a
resolution of ∼30 kpc.
Keeping all other parameters same, we have further
simulated different AMR levels (5 and 7)
With 5, 6 and 7 levels of total refinement, we have reached
upto ∼ 60, 30 and 15 kpc at the highest resolution level
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Numerical Resolution Study
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Figure: X-ray luminosity, temperature and entropy is plotted against
normalized radius (normalized to r200 ) in the Panel 1,2 & 3 respectively for
a galaxy cluster (≈ 1015M ) and a group (≈ 1013M ), for three
resolutions
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Robustness of our simulation
106 107 108
Temperature (K)
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Simulation
Mittal et al 2011
Maughan et al 2011
Osmond et al 2004
Xue et al 2000
Helsdon et al 2000
Arnaud et al 1999
Markevitch M 1998
X-ray luminosity plotted against temperature computed up to radius r500 .
Observed data points have been over-plotted as colored stars.
Both observed and simulated data set show strong indication of deviation
from cluster scaling for low mass systems.
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Robustness of our simulation
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Panel 1: Baryon fraction (in %) has been plotted against mass (M500).
Observed data points have been overplotted as coloured stars. Panel 2:
Entropy against virial mass has been plotted and compared with the
overplotted observed data.
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Results
The crucial and independent self similar scaling relations needs to be
studied are LX - M, LX - T and S - T
LX ∝ M4/3 Can be derived from Peebles (1980)
LX ∝ T3 Allen & Fabian(1998)
S ∝ T
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S. Paul, R. S. John et al. 2017, MNRAS
For estimate the accurate point of break in the scale we have computed
the fitting power laws in such a manner that slopes get connected at the
break point.
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CRs luminosity slope is flatter in for smaller objects, indicating
more non-thermal energy in them.
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S. Paul, R. S. John et al. 2017, MNRAS
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S. Paul, R. S. John et al. 2017, MNRAS
Baryon fraction has two clear breaks.
The first knee of the curve is at ∼ 6− 8× 1012 M.
Other one is at around 6− 8× 1013 M.
The baryon fraction in structures below mass 8× 1013 M has a very steep
decrement and oscillatory in nature indicating a rapid change in its
properties.
Above this mass, baryon fraction almost gets stabilized at ∼ 14% and a
very flat slope has been observed.
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S. Paul, R. S. John et al. 2017, MNRAS
Objects with virial radius 1 Mpc and above only show a power law relation
with velocity dispersion or turbulent energy of the system.
Smaller objects are not having any correlation with the velocity distribution.
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We could define clear distinguishing parameters for
classifying ‘galaxy groups’ and ‘clusters’ for the first time.
Cluster self similarity scales applied to the structures
deviates away below a particular break away point in mass
at ∼ 8× 1013 M in all the studied parameters such as
x-ray luminosity, temperature, baryon fractions and even in
non-thermal cosmic ray luminosity.
Cluster properties deviates at temperature 1.16× 107 K
i.e. ∼1 keV and at a radius of ∼1 Mpc.
For the first time, we are able to give a strong
characteristic numbers to separate ‘galaxy groups’ from
the clusters and this study presents ‘galaxy groups’ as a
unique object in the structural hierarchy.
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A very high level of velocity dispersion (i.e. turbulence) in
galaxy groups making them a test bed for the study of
magnetisation and non-thermal emissions.
Baryon fraction of galaxy groups are very low, and have
large fluctuations in the values among the groups making
them very unstable in nature. This opens up the door for
research on modelling galaxy groups differently.
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Figure: In Panel 1 & 2, frequency of occurrence have been plotted for
virial ratio and baryon fraction for the ‘galaxy clusters’ (dotted line) and
‘galaxy groups’ (solid line). Panel 3, shows the cosmic ray luminosity vs
total energy plot fitted for ‘galaxy clusters’ and ‘groups’.
S. Paul, R. S. John et al. 2017, MNRAS
Groups and Clusters are observed to follow two different evolutionary track
as they fall into two parallel fitting lines separated by at least an order in
energy.
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Summary
We have classified the constituents of LLS into Galaxy
Groups (GG) and Galaxy Cluster (GC) according to there
physical properties.
From the virialization study it is established that ‘galaxy
groups are far away from the virialization and any
estimation of physical parameters based on virial theorem
would certainly go wrong.
Baryon fraction of galaxy groups are very low, and have
large fluctuations in the values among the groups making
them very unstable in nature. This opens up the door for
research on modelling galaxy groups differently.
A very high level of velocity dispersion (i.e. turbulence) in
galaxy groups making them a test bed for the study of
magnetisation and non-thermal emissions.
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Thank You!
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Figure: Statistical average value and standard error of X-ray Luminosity
and entropy from our sample data set has been plotted against virial mass
(M200) in the Panel 1 & 2 respectively for all three resolutions. Similarly,
x-ray luminosity and entropy has been plotted against temperature in the
Panel 3 & 4 respectively for all three resolutions.
